INTRODUCTION
Urban rail transit has been widely considered an efficient and environment-friendly mode of transport to address deteriorating urban transportation conditions. However, in recent years, the increasing development, operation and maintenance costs of urban rail transit have imposed significant challenges on governments and transit agencies worldwide. In the United States, the total public transportation expenditure increased from 11. The primary rationale for value capture is that the beneficiaries of transport investment are not limited to direct users but also include landowners and developers who benefit from enhanced location advantages (Zhao and Levinson 2012) . Conventional urban economic theory suggests that property values increase with decreasing distance to the central business district, where jobs are located (Alonso 1964; Muth 1969; Mills 1972) . Therefore, the travel-time savings that results from proximity to a transit station should be capitalized in property values (Boyce et al. 1972 ). In empirical research, although some studies find insignificant or negative effects in certain neighborhoods or cities for certain types of property (e.g., Gatzlaff The dominant technique in valuing housing attributes is hedonic price analysis, which was pioneered by Griliches (1971) and formalized by Rosen (1974) . Hedonic price analysis explains the price of a product by the product's characteristics using observed market behavior and provides a practical method to estimate the implicit market price of individual housing attributes. However, hedonic price analysis may suffer from two limitations:
First, sample selection bias may occur when researchers try to make an inference regarding the population based on a non-random sample. Hedonic price models are typically calibrated using samples of sold properties, which represent only a small fraction of the entire housing stock available during a given period. If the sold properties are a non-random sample of the housing stock, the hedonic price model may generate biased estimates for the population of properties. A number of studies have demonstrated the non-randomness of the sold sample, such as Jud and Seaks (1994), Gatzlaff and Haurin (1997) and Hwang and Quigley (2004) . However, sample selectivity has been generally overlooked in previous studies on transit accessibility valuation. The importance of the selectivity issue depends on the assessment's purpose. The selection bias is not salient if researchers aim to understand the role of factors that constitute the market value of sold properties in a given period; but it is particularly relevant for value capture programs because these policies are likely to be applied to all of the properties that benefit from the transit system whether they are sold or not i .
Second, a hedonic price valuation of housing attributes can be misleading when spatial autocorrelation exists. In spatial data analyses, a spatial autocorrelation refers to the phenomenon by which a value observed in one location depends on the values in neighboring locations. There is consistent evidence that property values exhibit a systematic pattern in their spatial distribution (see, e.g., Basu and Thibodeau 1998). With spatial autocorrelation, the conventional ordinary least squares (OLS) estimation could produce biased, inconsistent or inefficient results depending on the type of spatial autocorrelation (Anselin 1988) .
In this paper, we contribute to the increasing literature on transit accessibility valuation by accounting for both selectivity and spatial autocorrelation in the assessment and evaluate their impacts on value capture. The paper is organized as follows. Section 2 describes the analysis techniques. Section 3 introduces the study area, major datasets and variables in the empirical study. Section 4 presents the modeling results. Section 5 discusses policy implications for value capture. Section 6 summarizes research findings.
METHODOLOGY
In this section, we present a new method to estimate the value of housing attributes while controlling for selectivity and spatial autocorrelation. The method can be used to assess the property value effect of transit accessibility and support value capture programs.
The starting point for our analysis is a conventional hedonic price model that is widely used in valuing housing attributes, as specified in Equation 1 :
where P it is the transaction price of property i; X ijt is a set of j structural characteristics; Z ikt is a set of k location characteristics, including transit accessibility; D it is a set of time dummies such that they take the value 1 for transactions that occur in time period t and 0 otherwise; and ε it is normally distributed with a mean zero random error. Concerns with this model include the nonrandomness of the sample used for calibration and spatial autocorrelation, as discussed above.
To illustrate the potential non-randomness of the sold sample, we employ a housing transaction model developed by Gatzlaff and Haurin (1997) . In this model, observable transaction prices are derived from the interactions between two populations of market participants: potential buyers and potential sellers. For an individual property, both the buyer and the seller have their own evaluations. Because the observed transaction sample contains only selected properties, i.e., houses with a buyer's offer price higher than or equal to the seller's reservation price, an OLS regression using the observed transactions produces biased estimates for the housing stock.
We can apply the Heckman two-step procedure (Heckman 1979 ) to correct for the potential sample selection bias. In the first step, we model the probability that a property is sold (denoted by S it ) with a binary probit model, as specified in Equation 2. This model is calibrated with the entire housing stock.
where is a set of macroeconomic factors at time t that may influence the probability of housing sales and Φ is the cumulative distribution function of standard normal distribution.
Based on the estimation results of the probit model, the inverse Mills ratio can be computed as:
where denotes the probability density function of the standard normal distribution. In the second step of the Heckman procedure, the inverse Mills ratio is included as an independent variable in the hedonic price model, such that
The inclusion of the inverse Mills ratio in the model corrects for the sample selection bias (Heckman 1979 . .
where W ε is the weighted average of error terms in neighboring areas, τ is a spatial-error correlation parameter, and μ is an Nx1 vector of i.i.d. standard normal errors.
STUDY AREA, DATA AND VARIABLE GENERATION
In the empirical study, we apply the modeling framework presented in Section 2 to assess the impact of subway accessibility on single-family property values in the city of Boston. This section introduces the study area, the major datasets and the variables of the empirical study.
Study Area
Boston is the capital of the Commonwealth of Massachusetts, USA, and the anchor of a The question of whether and how value capture could be adopted in Greater Boston demands a comprehensive analysis of the transport system, the real-estate market, the institutional framework, and the legal and taxation systems, among other topics, which exceeds the scope of this paper. This study's primary purpose is to use Boston as an example to demonstrate the potential bias caused by selectivity and spatial autocorrelation in valuing transit accessibility and estimate the value capture potential in a US city with relatively high density and transit ridership. observations, which comprise every single-family property parcel in Boston multiplied by the number of quarters the property was included in the assessment records.
Variable Generation
To isolate the impact of subway accessibility on single-family property values, 4 sets of variables are computed in this study: structural attributes, built-environment variables, neighborhood socioeconomic characteristics, and macroeconomic measures for each quarter during the study period.
Structural Variables
The structural characteristics of properties could influence the probability of housing sales and the transaction price, as suggested by previous studies (e.g., Jud and Seaks 1994). We select 9
structural variables in the analysis: lot size, gross area, year constructed, number of floors, total number of rooms, number of full baths, number of half baths, a dummy variable that indicates the existence of air conditioning, and number of fireplaces. Lot size and gross area are measured in logarithms.
Built-Environment Variables
Many previous studies have found that built-environment characteristics have important effects This study not only assesses the impact of built-environment characteristics on property values but also examines the impact of such characteristics on the probability of housing sales.
In this study, we compute 10 built-environment variables along four dimensions: density, land use mix, street network layout, and accessibility. Spatially detailed built-environment datasets are provided by MassGIS -the state's Office of Geographic and Environmental
Information -including the location of common non-work destinations, the spatial distribution of households and jobs, land use, and transportation networks. For built-environment indicators whose computation relies on a definition of neighborhood, such as density and land use mix, the basic spatial unit used in this study is a statewide 250x250 m grid cell layer developed by MassGIS. We further define a catchment area for each grid cell as the 3x3 nearest grid cells. We  Street network layout: We compute the intersection density in each grid cell's catchment area to differentiate cul-de-sac and traditional grid-type neighborhoods.
 Accessibility: Four types of accessibility indicators are computed in this study.
-Job accessibility: The job accessibility measure is a gravity-type accessibility indicator computed at the transportation analysis zone (TAZ) level:
where O j is the number of jobs in TAZ j, C ij is the network distance between TAZs i and j. β is set to 0.1 according to Zhang's calibration using an activitytravel survey for Metro Boston (Zhang 2005 -Distance to CBD: The distance to CBD indicator measures the Euclidian distance to the Downtown Crossing subway station, which is located at the center of Boston's CBD area.
-Accessibility to the transport system: Accessibility to the transport system is measured by four indicators: (1) proximity to a subway station, which is the variable of primary interest of this study; (2) proximity to a commuter rail station, (3) distance to MBTA parking lots, and (4) distance to highway exits. Proximity to a subway station (or a commuter rail station) is a dummy variable, which takes the value 1 if a property is within the half-mile circle around a subway station (or commuter rail station) and 0 otherwise. The distance to highway exits and the distance to MBTA parking lots indicators are measured as the Euclidian distances to the corresponding transportation nodes.
Neighborhood Socioeconomic Variables
A number of studies have investigated racial, ethnic and socioeconomic differences in housing prices (e.g., Chambers 1992; Vandell 1995). To control for this effect, we include the percentage of white population as a measure of racial composition and the median household income as a measure of the wealth level in the price model. Both variables are measured at the census block group level using Census 2000 data.
Macroeconomic Variables
National and local economic conditions can help explain variations in the probability of housing sales (Jud and Seaks 1994) . To capture this impact, we include three variables, which represent the gross national product (GNP), the national level mortgage rate, and the local unemployment rate. We expect that increased economic activity increases the probability of housing sales. Table 1 compares statistics on the sold sample and the housing stock in terms of structural and built-environment attributes. Compared with the population of single-family properties, the sold sample on average has a smaller lot size and gross area, more floors, bathrooms, and fireplaces and is older and more likely to have air conditioning. Generally, the sold properties also tend to be located in neighborhoods with higher population density, land use mix, and intersection density, better accessibility to transit stations and highway exits, and a slightly greater distance to the MBTA park-and-ride lots, that are closer to jobs, non-work destinations and the CBD than the housing stock. The differences between the sold properties and the housing stock suggest that the sold properties might not be representative of the housing stock. To examine the temporal change in the characteristics of housing transactions, Table 2 presents the average structural and built-environment characteristics of the sold properties year by year. The last column in Table 2 shows the correlations of the mean individual housing attributes and the mean transaction price over time. We find that more transactions involving relatively low-quality properties (small gross area, old, and few floors and rooms) occur as the housing price increases. One possible explanation is that households became "priced out" of the top tier of expensive properties in an active market. Additionally, the average built-environment attributes of the sold properties vary over time. In particular, as the price increases, transactions tend to occur in locations with lower population density, lower job accessibility, and that are farther from the commuter rail station and the CBD. This simple analysis suggests that different pools of properties are transacted over time, which might be another indication of the sample selection problem.
Descriptive Statistics

ESTIMATION RESULTS
In this study, we calibrate 4 models to value housing attributes, particularly the accessibility Models 2-4 are based on the Heckman two-step procedure. In the first step, employing a probit model, we use structural variables, macroeconomic variables, built-environment variables, neighborhood dummy variables, and quarter dummy variables to predict the probability that a property will be sold in the market. We base the neighborhood dummy variables on planning districts defined by the Boston Redevelopment Authority (Figure 1 ). The default is East Boston.
Q2, Q3, and Q4 are dummy variables that take the value of 1 when the transaction occurred in quarter 2, quarter 3, and quarter 4, respectively, and 0 otherwise. Table 3 reports the estimation results of the probit model. (40) 1174.76 (p=0.000) *, **, and *** denote significance at the 0.10, 0.05, and 0.01 level, respectively.
The probit model is highly significant, as shown by the value of 2 for testing the null hypothesis that the coefficients of the independent variables are simultaneously 0. The probability of a housing sale varies across properties with different structural characteristics.
Generally, smaller properties are more likely to sell than larger properties. Older properties have a higher sale propensity than newer ones. Meanwhile, the sale probability is positively associated with the numbers of floors, bathrooms and fireplaces and the existence of air conditioning. The estimated coefficients for macroeconomic variables suggest that increased economic activities increase the probability of sale. The GNP variable has a positive and significant coefficient, as expected. The negative sign of the mortgage rate variable indicates that lower rates increase housing sales. The local unemployment rate variable has the expected negative sign. However, the variable's impact is only marginally significant at the 0.10 level. The significance of multiple built-environment variables confirms the impact of the built environment on the probability of sale. Single-family properties in dense areas with good job accessibility and close to non-work destinations but far from the CBD are more likely to sell in the market than those with the opposite characteristics. The impacts of other built-environment variables are insignificant.
Additionally, there is evidence that the probability of sale varies across neighborhoods and annual quarters for otherwise identical properties. *, **, and *** denote significance at the 0.10, 0.05, and 0.01 level, respectively. a The coefficient is x 10 -2 .
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For brevity, the coefficients of the 39 quarter dummy variables are not reported. However, this effect is marginally significant at the 0.10 level.
After controlling for the structural, neighborhood socioeconomic, and built-environment variables and the transaction quarter, we find that households in Boston pay a premium for living within one-half mile of a subway station, as reflected by the positive and significant coefficients of the proximity to a subway station variable in all of the models.
The estimation results can be used to derive the marginal implicit prices for each attribute that represents a household's WTP for a marginal increase in the individual housing attributes.
Based on Halvorsen and Palmquist (1980) and Crane et al. (1997) , the WTP for a particular housing attribute i can be computed by
where i ˆis the estimated coefficient of housing attribute i in a semi-log form price model and P is the transaction price. In this study, the WTP for subway accessibility is computed for a property priced at 325.0 thousand dollars (the mean sale price of the sold sample). The WTP estimates for subway accessibility differ across the 4 models significantly, which suggests that selectivity and spatial autocorrelation play a significant role in valuing subway accessibility.
Based on the result of the conventional hedonic price model, the WTP for subway accessibility is In our empirical analysis for Boston, controlling for sample selection tends to raise the coefficient of the subway accessibility variable, while controlling for spatial autocorrelation tend to decrease it. One possible interpretation is that some unknown factors that can influence both the probability of housing sales and transaction prices, which are also the sources of sample selection bias, are spatially correlated. When we control for spatial autocorrelation, the effect of selectivity also decreases. It should also be noted that the change of subway accessibility could have spillover effects on other control variables in the model. Therefore, the WTP calculated based on the coefficient of the subway accessibility variable may not capture the overall effects of subway stations. Nonetheless, it is still a useful measure in value capture from individual properties' perspective. In the meantime, quantifying the spillover effects of accessibility improvement could be difficult in practice.
Value Capture Potential of Subway Stations
The estimation of the overall land value increase that results from transit accessibility is essential to effective value capture programs. Although imposing an additional value-capture tax may not be a viable option for Boston where homeowners already paid for the accessibility benefit when they brought their houses, it remains interesting to assess the magnitude of the total value-added of subway stations in Boston and the potential for value capture under a hypothetical property tax reassignment scenario. Such evaluation could provide useful insights for cities with builtenvironment and transport characteristics similar to Boston, especially for cities with plans to build or expand their subway networks. Various value capture policies can be adopted to recoup part or all of the value-added that results from the subway system. Specific policy recommendations exceed the scope of this paper.
Nonetheless, an examination of the potential revenue streams from alternative value capture schemes could help policy makers better understand the options available to reduce the operating deficit of the subway system. The current property tax in Boston already contains the premium of proximity to subway stations, which means an additional value-capture tax is not suitable.
Therefore, in a simple hypothetical scenario, it is assumed that the property tax from residential properties in the impact zone that is attributable to subway accessibility is earmarked to support public transportation. This approach is equivalent to a tax revenue reassignment of part of the property tax from the municipality budget to the regional transit agency MBTA. The approach imposes no additional tax burden on residents but requires a legal and institutional rearrangement 
CONCLUSIONS
Transit agencies are facing significant financial challenges worldwide. Capturing the land value increase attributable to public transportation infrastructure and thereby providing an additional means of funding the transit systems has become an increasingly examined alternative to public subsidies. One challenge in value capture is the assessment of land value increase. In this paper, we examined the roles that selectivity and spatial autocorrelation could play in valuing transit accessibility and their implications for value capture programs.
Using the transaction and stock data for single-family properties in the city of Boston from 1998 to 2007, we integrate the Heckman two-step procedure and spatial econometrics techniques to value subway accessibility, accounting for sample selection bias and spatial autocorrelation. We calibrated four models in the empirical study and compared the results across models: (1) the hedonic price model, (2) The empirical analysis suggests that the sample of sold properties is a non-random sample of the housing stock. Simply estimating the WTP by applying the hedonic price model to the sold sample generates biased estimates for the housing stock. In fact, spatial autocorrelation indeed exists in the empirical analysis. The estimation results of the four models reveal that households in Boston pay a premium to live within one-half mile of subway stations.
Additionally, there are significant variations in the WTP estimates across the four models, which suggests that selectivity and spatial autocorrelation could lead to significant bias in valuing transit accessibility. In the case of Boston, the conventional hedonic price model produced a WTP estimate for subway accessibility that is 91.0% higher than the estimate using a Heckman selection model with spatially lagged error term. A bias of this magnitude could misguide relevant value capture policy design.
The modeling results after the selectivity and spatial autocorrelation corrections are applied to assess the value capture potential of the Boston subway system. We find the following:
(1) the Boston subway system exhibits substantial potential for value capture as measured by the overall property value increase in the impact zone that results from the subway stations and (2) under a hypothetical property tax reassignment scenario, the annual revenue from value capture is small compared with the transit fare revenue and the operating deficit of the MBTA.
In this study, we discussed the selectivity and spatial autocorrelation issues in valuing housing attributes in the context of transit accessibility and land value capture. Additionally, the study's analytical framework is relevant in valuing other externalities in other planning contexts if the purpose of the valuation is to infer information regarding the population of properties, for example, assessing the impact of pollution sites on the overall welfare of neighborhoods as reflected by property values.
